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Low-dose radiation exposure induces a HIF-1-mediated
adaptive and protective metabolic response

R Lall"®, S Ganapathy?®, M Yang? S Xiao"S, T Xu', H Su', M Shadfan', JM Asara®*, CS Ha', | Ben-Sahra?, BD Manning? JB Little?
and Z-M Yuan*?

Because of insufficient understanding of the molecular effects of low levels of radiation exposure, there is a great uncertainty
regarding its health risks. We report here that treatment of normal human cells with low-dose radiation induces a metabolic shift
from oxidative phosphorylation to aerobic glycolysis resulting in increased radiation resistance. This metabolic change is
highlighted by upregulation of genes encoding glucose transporters and enzymes of glycolysis and the oxidative pentose
phosphate pathway, concomitant with downregulation of mitochondrial genes, with corresponding changes in metabolic flux
through these pathways. Mechanistically, the metabolic reprogramming depends on HIF1e, which is induced specifically by low-
dose irradiation linking the metabolic pathway with cellular radiation dose response. Increased glucose flux and radiation
resistance from low-dose irradiation are also observed systemically in mice. This highly sensitive metabolic response to low-

dose radiation has important implications in understanding and assessing the health risks of radiation exposure.
Cell Death and Differentiation (2014) 21, 836-844; doi:10.1038/cdd.2014.24; published online 28 February 2014

The advance of diagnostic imaging and interventional
radiology has attracted growing interest in the biological
effects of low-dose (<0.1Gy) ionizing radiation (IR).'
Because of a lack of means for the direct assessment of
such low-dose IR exposure, however, there are great
uncertainties about its health risk.! Currently, a linear
no-threshold (LNT) dose model is used to predict low-dose
IR-induced biological effects,? which assumes that the
underlying biological processes induced by low-dose IR are
essentially the same as those triggered by higher-dose IR,
and thus extrapolates the effects from high-dose to low-dose
radiation.® Based on this model, any amount of radiation
could cause harm no matter how small the dose. Studies
have shown, however, the existence of adaptive dose—
response relationships with low doses being protective and
high doses causing detrimental effects, contradicting the
LNT model.*® This adaptive response is in fact part of a
general cellular response to stress that is evolutionally
conserved.® Hence, many have argued that the use of the
LNT model has led to unfounded levels of public fear
regarding low levels of radiation exposure, and misunder-
standings about the safety of diagnostic imaging for medical
use.” However, the controversy remains unresolved due to a
lack of understanding of the molecular mechanisms under-
lying the adaptive stress response,”'® and there is insufficient
scientific evidence to warrant a change from the LNT model.

Biological tissues consist of ~75% water by weight. A
major fraction of IR exposure induces hydrolysis resulting in
different types of reactive oxygen species (ROS).° IR induces
the production of ROS proportional to its dose. High-dose IR
induces an excess amount of ROS that can overwhelm the
cellular antioxidant capacity causing oxidative stress and
damages.® When mildly increased, ROS, however, can
function as signal molecules modulating cellular physiol-
ogy.'®"" ROS act through oxidation of reactive cysteine
residues in specific target proteins controlling various signal-
ing cascades. A prototype of the ROS-susceptible proteins is
phosphatases.'®'® The hypoxia-inducible factor 1(HIF-1), a
master transcription factor that controls cellular metabolism, is
markedly induced by hypoxia.'*'® Under certain normoxic
conditions, however, HIF-1o2 expression can also be
increased. For instance, the NFxB pathway stimulates
transcription of HIF-1a,'®"” the PI3K/AKT/mTOR pathway
promotes HIF-1o. mRNA translation'® and ROS inhibits
HIF-1¢ degradation.’® Upon induction, HIF-1o stimulates
transcription of genes encoding glucose transporters and
enzymes of glycolysis and the pentose phosphate pathway
(PPP)."®2° HIF-15 also negatively regulates TCA cycle
enzymes, indirectly through inducing miR120.2122

In this report, we describe a previously unrecognized
metabolic response to low-dose radiation. By using an
integrated approach, we demonstrate that low-dose radiation
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induces a metabolic shift from oxidative phosphorylation to
aerobic glycolysis leading to increased radiation resistance in
both cell and animal models. Low-dose radiation-induced
metabolic changes are mediated by HIF-1«. Our work
provides novel mechanistic insights into the low-dose radia-
tion-induced adaptive response.

Results

Radioadaptive response is sensitive to oxygen
concentration. Since the direct biological consequences of
low-dose irradiation are relatively subtle and difficult to
measure,”® we opted to study the radioadaptive response
model to investigate the effects of low-dose radiation because
animal studies have demonstrated such adaptive response.®
We define doses at or below 0.1 Gy as low-dose radiation,’
equivalent to the upper limit dose from a full-body spiral CT
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scan® and 2-4Gy as high-dose radiation that causes
substantial DNA damage to cells,®2® 4Gy is close to the
LD50 for human whole-body exposure.?* Using yH2AX as a
surrogate marker of DNA damage,®® we examined whether
0.1 Gy pretreatment of human fibroblasts could modulate cell
sensitivity to a subsequent 4 Gy irradiation. Unexpectedly,
despite repeated attempts, we failed to detect any adaptive
response. 4Gy irradiation induced comparable extents of
yH2AX in cells with or without 0.1 Gy pretreatment (Figures
1a and b). Human lymphocytes, which are very sensitive to
IR-induced apoptosis,®® also did not show differences in
4 Gy-induced apoptosis regardless of cells pre-exposed to
0.1 Gy irradiation or not (Supplementary Figure 1A). The
inability to reproduce the radioadaptive response seen
previously in mice prompted us to ask whether the super-
physiological oxygen concentration (20—21% O,) under
typical tissue culture conditions might mask the effects of
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Figure 1 Cellular radioadaptive response is very sensitive to environmental oxygen concentration. (a) Human fibroblasts were cultured under conventional condition
(20-21% Oy). For assessing the effect of 0.1Gy on 4.0 Gy-induced DNA damage, cells were pretreated with a dose of 0.1 Gy or sham treated, after 12 h, followed by a 0 or 4.0 Gy
treatment. The cells were harvested 1 h after the 4 Gy treatment and subjected to immunostaining with yH2AX (red) and DAPI (blue). (b) Quantification of yH2AX-positive cells
shown in a. Bars represent mean + S.D. of (~ 100 cells per sample) three independent experiments. * < 0.05, ** < 0.01. (¢). Human fibroblasts were maintained at 5% O, for
atleast 12 h before being irradiated and analyzed as described in a. (d) Quantitative analysis of yH2AX-positive cells shown in ¢ was carried out as in b. (e) Human fibroblasts
were pretreated with or without 10mM NAC for 1 h. The cells were either sham or 0.1 Gy irradiated and harvested 1h after for immunostaining with carboxy-H2DCFDA
(#C400, Invitrogen/Molecular probes, green) and DAPI (blue). (f) Fibroblasts were treated with 10 mM NAC ( + NAC) for 1 h and then subjected to the treatment and analysis
as in a. (g) Quantitative analysis of yH2AX-positive cells shown in f was carried out as in b
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low-dose IR. Indeed, cell cultures maintained at a relatively
physiological oxygen concentration (5% 0,)?° recapitulated
the cellular radioadaptive response, as reflected by that
0.1 Gy pretreatment markedly diminished yH2AX induced by
subsequent 4 Gy exposure (Figure 1c¢). Quantitative analysis
of the yH2AX-positive cells indicated a very significant
increase of resistance induced by 0.1Gy irradiation
(Figure 1d). Similarly, 0.1 Gy pretreatment of human lym-
phocytes also markedly attenuated 4 Gy-induced apoptosis
under physiological oxygen concentrations (Supplementary
Figure 1B). This observed sensitivity to oxygen concentration
suggests an involvement of ROS. We tested this prediction
with N-acetyl-cysteine (NAC), a commonly used antioxidant.
Using a ROS-sensitive fluorescent probe, Ho,DCFDA, we
confirmed ROS induction by 0.1 Gy irradiation, which was
blocked by NAC (Figure 1e). Importantly, NAC also blocked
0.1 Gy induced reduction of yH2AX in 4 Gy-treated cells
(Figures 1f and g). The requirement for ROS in the
radioadaptive response was also seen with human lympho-
cytes (Supplementary Figure 1C). A dose course experiment
of NAC was curried out to eliminate a potential off-target
effect. The result indicates that 0.25mM of NAC was
adequate to block 0.1Gy-induced resistance (Figure 1h).
Moreover, cells overexpressing superoxide dismutase
(SOD) were defective in the radioadaptive response
(Supplementary Figure 1D), indicative of the necessity of
ROS. Interestingly, pretreatment of fibroblasts with 0.1
Gy-IR also reduced bleomycin-induced DNA damage
(Supplementary Figure 1E), implicating that low-dose
IR-induced resistance is not limited to radiation-induced
damage. Together, the results indicate that pretreatment with
low-dose IR increases cellular radiation resistance via
inducing ROS, and such radioadaptive response is very
sensitive to the environmental oxygen concentration.
Therefore, all subsequent experiments are performed under
physiological oxygen concentrations.

Low-dose radiation induces a metabolic shift to
glycolysis. Following exposure to low-dose radiation, a
marked acidification of the culture media was observed within
12h, as indicated by color change (Supplementary Figure 2A).
We asked whether this color change was caused by altered
cellular metabolism by measuring metabolites in media.
Indeed, 0.1Gy-treated cells secreted more lactate than
controls and this effect was specific to low-dose IR, as 4 Gy
treatment did not induce lactate production (Figure 2a). We
examined the expression of monocarboxylate transporters
(MCT), which transport lactate across membranes®® and
found that among 7 MCTs, the MCT1 transcript was
significantly induced by 0.1 Gy treatment (Figure 2b). As
lactate can be produced as the end product of glycolysis, %2
we measured glucose levels and detected an increase in
glucose consumption induced by 0.1Gy but not 4Gy
irradiation (Figure 2c). Together with an elevated extracellular
acidification rate (ECAR) in 0.1 Gy-treated cells, measured
with a Seahorse XF Analyzer (Figure 2d), the results suggest
an induction of glycolysis specific to low-dose IR.

To further characterize the metabolic changes induced by
low-dose radiation, we performed a stable isotope metabolic
flux analysis using [1,2-'3C]-glucose.2”?® An increase in
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3C-labeled glycolytic intermediates in 0.1 Gy irradiated cells
was detected (Figure 2e), accompanied by a decrease in
labeling of TCA cycle intermediates (Figure 2f), suggesting a
metabolic switch from oxidative phosphorylation to glycolysis.
In addition, increased labeling of 6-phospho-b-gluconate, a
metabolite specific to the oxidative PPP, was detected
following 0.1 Gy irradiation (Figure 2g). To substantiate the
metabolomics results, we measured the expression of key
enzymes in these metabolic pathways. Indeed, 0.1Gy
treatment induced a number of glycolytic enzymes and
glucose-6-phosphate dehydrogenase (G6PD), the rate-limit-
ing enzyme in the oxidative PPP, which was coupled with
downregulated expression of TCA cycle enzymes (Figure 2h).
Increased levels of these metabolic enzymes upon 0.1 Gy
treatment were also observed at the protein level (Figure 2i).
Moreover, 0.1 Gy treatment of human fibroblasts also induced
an increase in GLUT-1 and GLUT-3 at both the mRNA
(Figure 2j) and the protein levels (Figure 2k), consistent with
increased glucose flux.2°

The glycolytic switch is necessary for low-dose IR-
induced resistance. The low-dose IR-induced glycolytic
shift under normoxic conditions is similar to the ‘Warburg
effect’, which has been shown to have an important role in
promoting cancer cell proliferation and survival.’® We asked
whether the glycolytic shift might contribute to the low-dose
IR-induced radiation resistance. Interestingly, the 0.1
Gy-induced radiation resistance detected in normal culture
medium (25 mM glucose) (Figure 3a) was nearly abolished
when glucose levels were reduced to 2mM (Figure 3b) or
cells were treated with 2-deoxyglucose (2-DG), a glucose
analog that inhibits glycolysis and the PPP'® (Figure 3c). The
importance of glucose uptake and glycolysis in low-dose
radiation-induced resistance was also observed in human
lymphocytes (Supplementary Figure 2B-D). siRNA-mediated
knockdown of LDHa, an enzyme critical to maintaining
glycolytic flux®® had a similar effect to that of 2-DG on the
level of yH2AX induction (Figure 3d), further demonstrating
that the 0.1 Gy-induced radiation resistance depends on the
glycolytic shift. Knockdown of G6PD expression similarly
resulted in loss of 0.1 Gy-induced resistance (Figure 3e),
indicating that the oxidative PPP is also indispensable. A
critical contribution of these two metabolic enzymes to low-
dose IR-induced resistance was also evident in cell survival
assays. In contrast to the control siRNA (Figure 3f), 0.1 Gy-
induced resistance was diminished in cells deficient in LDHx
(Figure 3g) or G6PD (Figure 3h). Together, these data
indicate that the 0.1 Gy-induced increase in flux through
glycolysis and the oxidative PPP induces radiation
resistance.

HIF-1« mediates the metabolic switch upon exposure to
low-dose IR. Given that multiple metabolic enzymes were
induced by 0.1 Gy treatment (Figure 2) and many of these
metabolic genes are the known targets of HIF1o,'*'® we
explored a potential role for this transcription factor.
Immunostaining and immunoblotting analyses indicated that
0.1 Gy treatment induced a considerable increase in HIF 1«
protein levels (Figures 4a and b),without effects on its
transcript levels (Figure 4c), indicating a post-transcriptional
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Figure 2 Low-dose radiation induces a metabolic shift. Human fibroblasts were either sham treated (S) or irradiated at 0.1 Gy and 12 h after the treatment; (a) culture
media from an equal number of fibroblasts (1 x 10°) were collected for lactate measurement. The numbers are mean + S.D. from three independent experiments. * < 0.05,
**<0.01. (b) An aliquot of cells were harvested and mRNA were isolated for qRT-PCR analysis of MCT expression with 18 s as an internal standard. The numbers are fold
change of MCT mRNA levels in 0.1 Gy relative to sham-treated cells as mean + S.D. from three independent experiments. (¢) Glucose consumption was determined in cells as
ina and the numbers are mean + S.D. from three independent experiments. (d) Fibroblasts were treated as in a and subjected to analysis using the XF Analyzer according to
the manufacture’s protocol (Seahorse Bioscience). The numbers are mean + S.D. from three independent experiments. (e-g). Fibroblasts treated as in a and the cells were
incubated with [1,2-"*C]-glucose for 15 min prior to metabolite extraction and targeted LC-MS/MS analysis. The ratio of ™*C labeled to unlabeled (**C) metabolites was
measured by LC-MS/MS are presented as mean + S.D. over three independent samples, * < 0.05, ** < 0.01. Metabolites with P-values for pair-wise comparisons < 0.05 are
shown. (h) mRNAs as in b were analyzed with gRT-PCR for the expression of the indicated genes. The numbers are mean + S.D. from three independent experiments. (i) Cell
lysates were analyzed by western blot with the indicated antibody. Human fibroblasts treated as in a were harvested 12 h after the treatment and analyzed by either gRT-PCR

() or immunostaining (k) of GLUT-1 or 3

mechanism of regulation. To access the effectiveness of
0.1 Gy-IR in HIF1« induction, we compared low-dose irradia-
tion with hypoxia (0.5% O,). Relative to hypoxia, 0.1 Gy IR
induced a comparable, if not more, increase in HIF1« and its
target gene GLUT-3 (Supplementary Figure 3). To under-
stand the mechanism of this induction, we explored a role for
ROS, which have been shown to stabilize HIF10.'%18
Treatment of cells with NAC confirmed a critical role for
ROS, as this antioxidant completely blocked 0.1 Gy-induced
increase of HIF1o (Figure 4d). A requirement of HIF1x in
0.1 Gy-induced expression of glycolytic genes (Figure 4e),
and GLUT-1 and 3 (Figure 4f) was demonstrated by HIF1a
knockdown. Interestingly, the expression of TCA cycle genes

was no longer downregulated by 0.1 Gy treatment upon
HIF1a depletion (Figure 4e). Furthermore, HIF1o-depleted
cells lost the radioadaptive response, as shown in cell
survival assay (Figure 4g), indicating that HIF 1o is necessary
for low-dose IR-induced resistance.

Having observed that IR-induced glycolysis was specific to
low-dose treatment, (Figures 2 and 3) we examined whether
HIF1o responded to IR in a dose-dependent manner by
performing a detailed radiation dose course experiment. We
included p53 as a control because it is readily activated by
IR-induced DNA damage.3°~32 By monitoring the expression
of p21 and GLUT-3, as markers for p53 and HIF 1« activity,
respectively, we detected a clear dose-dependent response.

Cell Death and Differentiation
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Figure 3 The glucose metabolism is necessary for low-dose IR-induced resistance. Human fibroblasts cultured in normal media (a) low glucose (2 mM) media (b) were
pretreated with a dose of 0.1 Gy or sham treated, followed after 12h by a 0 or 4.0 Gy treatment. The cells were fixed 1 h post 4 Gy treatment and co-immunostained with
yH2AX (red) and DAPI (blue). (¢) Fibroblasts were treated with 2-DG (5 mM) 2 h before 4 Gy treatment and subject to the treatment and analysis as in a. (d) Human fibroblasts
were transfected with either siLDHx or siG6PD (e). The knockdown efficiency was determined by gRT-PCR analysis of mRNA levels (Supplementary Figure 2D). The cells
were subjected to the treatment at 48 h post transfection, treated and analyzed as in a. The fibroblasts along with siControl (siGL2, a siRNA sequence targeting Luciferase
gene) expressing cells (f) were also subjected to colony survival assays (g and h). The numbers are mean * S.D. from three independent experiments, * < 0.05, ** < 0.01

IR-induced GLUT-3 expression was restricted to the dose
range of 0.05-0.175Gy (Figure 5a), doses that failed to
induce p53 (Figure 5b). When the IR doses were beyond
0.2 Gy, p21 expression was induced as a function of dose with
little induction of GLUT-3 expression (Figures 5a and b). Cell
viability was not detectably affected by IR treatment within the
low-dose range (Supplementary Figure 4A). The IR dose-
dependent reciprocal regulation of GLUT-3 and p21 was
further confirmed by immunostaining (Figure 5c). Together,
the results indicate that IR-induced HIF1« is specific to the
dose range of 0.05-0.175 Gy where there is little p53 activity.
Once the IR dose increases beyond 0.2 Gy, the activity of p53
become dominant with little activity of HIF1« and glycolysis.

Low-dose IR-induced metabolic changes underlie the
radioadaptive response in mouse tissues. To determine
whether a similar low-dose radiation-induced metabolic
response is observed in vivo, we extended our study to
mice. Indeed, exposure of whole animals to 0.1 Gy radiation
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resulted in a robust induction of HIF1z and GLUT-3
expression in the small intestine (Figure 6a), a tissue that
is particularly susceptible to the damaging effects of
radiation.>® Imaging of live animals with FDG-PET demon-
strated a clear increase in glucose uptake specific to mice
irradiated with 0.1 Gy or 0.1 Gy followed by 2 Gy, but not in
sham-treated or 2 Gy-treated mice (Figures 6b and c). To
determine whether these metabolic changes correlated with
radiation sensitivity in mice, TUNEL assays were performed
to assess cell death in the spleen and small intestine, two
radiosensitive tissues.®®* Treatment with 2Gy irradiation
induced massive apoptosis in the spleen and small intestine,
which was markedly reduced by a proceeding dose of 0.1 Gy
(Figures 6d and e). Importantly, treatment of mice with 2-DG
(200 mg/kg) largely abolished the 0.1 Gy-induced resistance
to high-dose irradiation in these tissues (Figures 6d and e).
These mouse studies provide in vivo evidence of low-dose
irradiation-induced glucose flux associated with a consider-
able increase of radiation resistance in sensitive tissues.
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Figure 4 Low-dose IR-induced metabolic changes and radiation resistance are mediated by HIF-1o. Human fibroblasts were treated with a dose of 0.1 Gy or sham
treated. The cells were harvested 12 h later and subjected to HIF-1a (red) and DAPI (blue) immunostaining (a), western blot (b) or mMRNA measurement by gRT-PCR (c).
(d) Fibroblasts were treated with DMSO (-NAC) or 10mM NAC ( + NAC) for 1 h and then subjected to the treatment as in a. The cells were immunostained with HIF-1c.
Fibroblasts were transfected with control (siGL2) or siHIF-1c.. The HIF-1o knockdown efficiency is shown in Supplementary Figure 4B. The cells were treated as in a and
mRNAs were extracted for qRT-PCR for the expression of the indicated metabolic genes (e) or GLUT1 and 3 (f). The numbers are fold change of the mRNA levels in
0.1 Gy-treated cells relative to sham-treated cells as mean + S.D. from three independent experiments. (g) siGL2 or siHIF-1 expressing cells were treated and subjected to

the colony survival assay as described in Figure 3f. The numbers are mean = S.D.

Discussion

Despite abundant data from epidemiological and animal
studies supporting the radioadaptive response model, con-
troversies surrounding the cellular effects of low-dose radia-
tion persist.”® While many factors may influence the cellular
response to low-dose radiation exposure, our studies demon-
strated that the environmental oxygen concentration is an
element of critical importance. Considering the fact that the
principle mode of IR action is through induction of ROS,° it is
not surprising that the effects of low-dose IR, mediated by a
moderate level of ROS, can be profoundly affected by oxygen
concentration. Consistent with this notion is our finding that
maintaining cell cultures at 5% O, was necessary to capture
the radioadaptive response. Such a strong influence of
oxygen concentration on ROS-mediated responses has
important implications in cell-based stress response research,
considering that studies have implicated ROS in various
stress responses.’! Of note is the observation that low-dose
IR-induced resistance seems not limited to irradiation,
implicating an induction of a general cellular stress tolerance.®

Under physiological conditions, the majority of differen-
tiated cells use primarily mitochondrial oxidative phosphoryla-
tion to fully catabolize glucose for energy production.2® Using
a combined genetic, biochemical and metabolomics
approaches, we demonstrate that low-dose radiation induces
a metabolic switch from oxidative phosphorylation to aerobic
glycolysis. This metabolic reprogramming is underscored by

from three independent experiments, *<0.05, ** <0.01

upregulation of genes encoding glucose transporters and
enzymes of glycolysis and the oxidative PPP, concomitant
with downregulated expression of TCA cycle enzymes. This
metabolic change represents a previously unknown cellular
response to low-dose radiation.

The low-dose radiation-induced glycolysis is reminiscent of
the metabolic response of immune cells, which, upon activation,
similarly switch the metabolic pathway from oxidative phos-
phorylation to aerobic glycolysis.®* This metabolic shift appears
to be essential for immune cell proliferation and survival and for
mounting an appropriate immune defense response.®® We
show that the stimulation of glycolysis underpins low-dose
radiation-induced radiation resistance, offering mechanistic
insight into the radioadaptive response. The glycolytic pathway
provides key intermediates for de novo synthesis of nucleotides,
amino acids and lipids, and oxidative PPP produces NADPH to
counter oxidative stress.®® Thus, by engaging glycolytic
metabolism, cells may acquire fitness and stress tolerance.'92°
However, further studies are necessary to investigate how
glycolysis renders cells resistant to IR-induced DNA damage.

This low-dose radiation-induced HIF1o activation was in
sharp contrast with the high-dose IR-induced p53 activation
and HIF 1o inhibition. HIF 1z and p53 seem to have distinct roles
in mediating the radiation dose-dependent metabolic response.
The induction of HIF1a-mediated glycolysis is restricted to a
low-dose range of radiation, which may have important
implications in assessing the level of radiation exposure and
its potential health risk. Our results support a dose-dependent
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metabolic response to IR. When IR doses are below the
threshold of causing detectable DNA damage (< 0.2 Gy) and
thus little p53 activation, HIF 1 is induced resulting in induction
of glycolysis and increased radiation resistance. When the
radiation dose reaches levels eliciting DNA damage, p53 is
activated and diminishes the activity of HIF 1« and glycolysis,
leading to the induction of cell death. Our work challenges the
LNT model of radiation exposure risk and provides a metabolic
mechanism of radioadaptive response. The study supports a
need for determining the p53 and HIF 1« activity as a potential
reliable biological readout of radiation exposure in humans. The
exquisite sensitivity of cellular metabolism to low doses of
radiation could also serve as a valuable biomarker for
estimating the health effects of low-level radiation exposure.

Materials and Methods

Cell culture and irradiation treatment. All cell-based experiments were
carried out under the physiological oxygen pressure (5%). Human normal B-cell
lymphocytes (GM03798, Coriell, Camden, NJ, USA) were maintained in
RPMI-1640 supplemented with 10% FBS, L-glutamine, HEPES buffer and sodium
pyruvate. Human fibroblasts (GM08680, Coriell) were cultured in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10% FBS, L-glutamine and
streptomycin.  For irradiation, the Faxitron X-ray System (Faxitron X-Ray
Corporation, Lincolnshire, IL, USA) was used. 0.1Gy was administered at a dose
rate of 0.08 Gy/min. Two or 4 Gy was administered at a dose rate of 1 Gy/min.

Preparation of whole-cell lysates and western blotting. Westerns
were performed as previously described®® with antibodies — Cell Signaling
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Technology (Danvers, MA, USA): HK1, PKM2, Enol1, LDHA, G6PD; BD Biosciences
(San Jose, CA, USA): HIF1¢; Sigma-Aldrich (St. Louis, MO, USA): f-actin.

Immunofluorescence analysis. Immunofluorescence assays were per-
formed as previously described.®® Antibodies were from Cell Signaling Technology:
phospho-Ser139 H2AX, p21; Novus Biologicals (Littleton, CO, USA): HIF1x; Santa
Cruz Biotechnology (Santa Cruz, CA, USA): DAPI, mouse Alexa Flour (AF) 488,
rabbit AF 488, mouse AF 594 and Rabbit AF 594; Abcam (Cambridge, MA, USA):
GLUT-1, GLUT-3. Nikon TE2000 (Melville, NY, USA) microscope and NIS elements
software were used for imaging analysis of the cells.

siRNA-mediated gene knockdown. All siRNAs and primers were
purchased from Sigma-Aldrich. Multiple sequences against each gene were
used. siGL2, which targets the luciferase gene in pGL2 construct, was used as a
control. siRNAs were reverse transfected at 25 nM using Lipofectamine RNAIMAX
(Invitrogen, Grand Island, NY, USA). The knockdown efficiency of each gene was
determined with gRT-PCR and shown in Supplementary Figure 4.

Metabolic assays. Extracellular lactate was measured in cell culture media
with a lactate assay kit (BioVision, Milpitas, CA, USA). Glucose levels were
determined by the use of a glucose assay kit (BioVision) and glucose consumption
was calculated as the difference of glucose concentrations between the original
media and media from cell cultures. Glycolysis was determined by measuring
ECAR using the XF Analyzer (Seahorse Bioscience, North Billerica, MA, USA).
For the metabolic flux analysis, cells were washed once with glucose-free medium
at 12h post IR and then incubated in medium containing a 10mM 1:1 mixture of
D-[1,2-"3Cl-glucose and unlabeled p-glucose for 15min. Metabolites were
extracted on dry ice with 5ml 80% methanol. The extracts were dried under
nitrogen and re-suspended in 80 ul water for LC-MS analysis using the procedures
previously described.?” Briefly, 1,2-C'® glucose labeled samples were re-
suspended using 20 ul HPLC grade water and 7 pl were injected and analyzed
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Figure 6 Low-dose irradiation induces glucose flux and radiation resistance in vivo. (a) BALB/C mice (4-6 weeks) were either sham-treated or 0.1 Gy irradiated. The
expression of HIF1e: or GLUT-3 in the small intestine was examined 12 h post treatment by immunohistochemical staining. (b) Mice were treated with a 12-h interval between a
0.1 Gy low-dose and 2 Gy high dose. Live animal imaging was performed 1 h after the 2 Gy irradiation using a procedure described in Materials and Methods to monitor the
update of labeled glucose. The representative optical images are shown. (¢) The quantitative data were acquired, analyzed using the manufacturer’s Living Image 3.2 software
and presented as means + S.D. (d). Mice (6 mice per group) were irradiated as described in b and treated with 100 pl saline or 2-DG (200mg/kg body weight) for 2 h prior to
the 2 Gy radiation treatment. The animals were harvested 12 h post-2 Gy irradiation. The spleen and small intestines were harvested and subjected to TUNEL assays. The
representative images are shown. (e) The numbers of TUNEL positive cells were quantified using the J program and presented as mean + S.D. of six mice. P< 0.005. For the
quantification in the Gl track, the TUNEL positive cells from 5 villas permouse were counted

with a hybrid 5500 QTRAP triple quadrupole mass spectrometer (AB/SCIEX)
coupled to a Prominence UFLC HPLC system (Shimadzu, Columbia, MD, USA)
via selected reaction monitoring (SRM). Seventy-five endogenous metabolites
including unlabeled, 1-carbon and 2-carbon labeling were targeted using positive/
negative ion polarity switching (218 SRM transitions). Peak areas from the total ion
current for each metabolite SRM transition were integrated using MultiQuant v2.0
software (Framingham, MA, USA) (AB/SCIEX).

Cell viability and FACs analysis. Cell viability and cell sorting analysis
was performed as previously described.*”

Animal study. Al animal procedures were conducted in accordance with the
Guidelines for the Care and Use of Laboratory Animals and were approved by the
Institutional Animal Care and Use Committee at UTHSCSA. BALB/c mice 4-6
weeks old were purchased from Harlan Laboratories. Mice were housed under
pathogen-free conditions and maintained on a 12h light/12h dark cycle, with food
and water supplied ad libitum. Individual mice were treated with total body irradiation
in a closed plastic box (of size 100 mm diameters x 50 mm height) with a small
opening for aeration. The animals were injected intravenously through the tail vein
with 100 pl of IR Dye 800CW 2-DG (10 nmol) 1 h after the 2 Gy radiation treatment.
For optical imaging, a caliper VIS Spectrum system (Caliper, Alameda, CA, USA)
was used to capture images for the experiments. The images were acquired with
mice in supine position at 1h and 4 h time points after the injection, using the epi-
ilumination method at excitation wavelength of 745 nm and emission wavelength of
800 nm. Camera settings were kept constant at 1s exposure time, 4 x 4 binning,
12.6.cm field of view and f/stop of 1/2. The data were acquired and analyzed using
Living Image 3.2 software (Waltham, MA, USA). For comparison purpose, all the

images were thresholded on a minimum-maximum scale of 1.7e9-1.7e10 photons/
slem?/steradian. Photon intensities (photons/seconds) were calculated from each
animal by placing a region of interest (ROI) around the animal.

Histology/Immunohistochemistry. Histology and immunohistology were
performed as previously described.®®

Statistical analysis. Values are shown as mean + S.D. Comparison of mean
values was evaluated by one-way ANOVA followed by ttest. A P-value less than
0.05 was considered significant.
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